Sister chromatid cohesion depends on cohesin [1] [2] [3] . Cohesin associates with chromatin dynamically throughout interphase [4] . During DNA replication, cohesin establishes cohesion [5] , and this process coincides with the generation of a cohesin subpopulation that is more stably bound to chromatin [4] . In mitosis, cohesin is removed from chromosomes, enabling sister chromatid separation [6] . How cohesin associates with chromatin and establishes cohesion is poorly understood. By searching for proteins that are associated with chromatin-bound cohesin, we have identified sororin, a protein that was known to be required for cohesion [7] . To obtain further insight into sororin's function, we have addressed when during the cell cycle sororin is required for cohesion. We show that sororin is dispensable for the association of cohesin with chromatin but that sororin is essential for proper cohesion during G2 phase. Like cohesin, sororin is also needed for efficient repair of DNA double-strand breaks in G2. Finally, sororin is required for the presence of normal amounts of the stably chromatin-bound cohesin population in G2. Our data indicate that sororin interacts with chromatin-bound cohesin and functions during the establishment or maintenance of cohesion in S or G2 phase, respectively.
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Summary
Sister chromatid cohesion depends on cohesin [1] [2] [3] . Cohesin associates with chromatin dynamically throughout interphase [4] . During DNA replication, cohesin establishes cohesion [5] , and this process coincides with the generation of a cohesin subpopulation that is more stably bound to chromatin [4] . In mitosis, cohesin is removed from chromosomes, enabling sister chromatid separation [6] . How cohesin associates with chromatin and establishes cohesion is poorly understood. By searching for proteins that are associated with chromatin-bound cohesin, we have identified sororin, a protein that was known to be required for cohesion [7] . To obtain further insight into sororin's function, we have addressed when during the cell cycle sororin is required for cohesion. We show that sororin is dispensable for the association of cohesin with chromatin but that sororin is essential for proper cohesion during G2 phase. Like cohesin, sororin is also needed for efficient repair of DNA double-strand breaks in G2. Finally, sororin is required for the presence of normal amounts of the stably chromatin-bound cohesin population in G2. Our data indicate that sororin interacts with chromatin-bound cohesin and functions during the establishment or maintenance of cohesion in S or G2 phase, respectively.
Results and Discussion
Sororin Is Associated with Chromatin-Bound Cohesin Vertebrate cohesin complexes are composed of the core subunits Smc1, Smc3, Scc1/Rad21, and either the SA1 or SA2 protein [8, 9] . During interphase, up to 60% of these complexes are chromatin bound [4] . The remaining cohesin molecules are present as soluble complexes, predominantly in the nucleoplasm, where they are associated with Pds5A, Pds5B, and Wapl [9] [10] [11] [12] . Like the core cohesin subunits, Pds5A and Pds5B are needed for proper cohesion [10] , and Wapl is required for the dynamic association of cohesin with chromatin [11, 12] . Sororin is also able to associate with cohesin, either as a recombinant protein in vitro or after transient overexpression in cells [7] , but endogenous sororin has so far not been detected in association with cohesin [12] .
To search for additional cohesin-associated proteins, we purified the chromatin-bound form of cohesin from HeLa interphase cells. Chromatin proteins were solubilized by sonication and DNase treatment, cohesin was isolated with Smc3 antibodies, and immunoprecipitated proteins were analyzed by in solution digest and mass spectrometry. In addition to the core cohesin subunits and Pds5A, Pds5B, and Wapl, sororin could reproducibly be detected in these samples ( Figure 1A) . The number of detected sororin peptides was very small, implying that sororin binds to cohesin substoichiometrically or that sororin dissociates from cohesin during the isolation procedure. Consistently, we could not detect sororin by SDS-PAGE and silver staining of chromatinbound cohesin samples ( Figure 1B) .
To confirm the mass spectrometry data, we raised peptide antibodies to sororin. In immunoblot experiments, these antibodies recognized a 35 kDa band in total HeLa extracts. This band could be depleted by transfection of HeLa cells with sororin siRNAs and it could be enhanced by transient overexpression of sororin from a cDNA, indicating that this band represents sororin ( Figure 1D ). In cohesin samples purified from chromatin, the same sororin band could be detected by immunoblotting ( Figure 1C ). We could also detect sororin by immunoblotting in cohesin immunoprecipitates from soluble fractions, although not as reproducibly as in immunoprecipitates from solubilized chromatin (data not shown), perhaps because most sororin is chromatin bound in interphase ( [7] ; data not shown). Endogenous sororin therefore associates with cohesin in interphase, and at least some of these interactions occur while cohesin is bound to chromatin.
Sororin Is Dispensable for the Association of Cohesin with Chromatin
Depletion of sororin from HeLa cells results in accumulation of mitotic cells with precociously separated sister chromatids [7] (Figures 2C and 2D ), but it is unknown whether this phenotype is caused by a defect in the loading of cohesin onto chromatin, by a defect in the establishment and maintenance of cohesion during S and G2 phase, or by precocious removal of cohesin from chromosomes in mitosis. It has been speculated that the function of sororin may be required during S phase because sororin levels are decreased by proteolysis in G1 and then increase again in S phase [7] , but this hypothesis has not been tested yet.
We therefore first analyzed whether sororin is required for the association of cohesin with chromatin. We transfected logarithmically proliferating HeLa cells with sororin siRNAs and measured cohesin levels by immunofluorescence microscopy (IFM) 60 hr later (Figures 2A  and 2B ). Staining of spread chromosomes with Giemsa showed that 81% of all mitotic cells had precociously lost cohesion at this time, indicating that sororin had been depleted efficiently ( Figures 2C and 2D) . To obtain internal controls for the IFM measurements, we mixed the cells transfected with sororin siRNAs with untransfected HeLa cells expressing CENP-A-EGFP as a marker protein, and we seeded the cells together on coverslips. To visualize the chromatin-bound population of cohesin, cells were preextracted to remove soluble proteins before they were processed for IFM. Cohesin was stained with an antibody that specifically recognizes Scc1 in IFM experiments [13] . Quantification of IFM signal intensities revealed that sororin-depleted interphase cells contained as much Scc1 on their chromatin as control cells ( Figure 2B ). By contrast, depletion of the cohesin loading factor Scc2 [13, 14] caused an almost 2-fold reduction in Scc1 signals, indicating that these IFM measurements were sensitive enough to be able to detect changes in cohesin levels on chromatin. We therefore conclude that normal amounts of sororin are not essential for the association of cohesin with chromatin.
Sororin Is Required for Normal Sister Chromatid Cohesion during G2 Phase
Next we addressed whether sororin is required for sister chromatid cohesion in G2 cells. We synchronized HeLa cells by double thymidine treatment, transfected them with sororin siRNAs after release from the first thymidine arrest, and processed G2 cells 5 hr after release from the second arrest for DNA fluorescence in situ hybridization (FISH) ( Figure 3A) . To assess the degree of sororin depletion, we also collected mitotic cells 4 hr later when cells began to enter mitosis and performed chromosome spreads. Under these experimental conditions, we reproducibly observed that only about 50% of all mitotic cells had precociously lost cohesion (Figure 3D ), presumably because cells were analyzed already 32 hr after transfection with siRNAs (in contrast to 60 hr after transfection in the previous experiment). As positive and negative controls, we analyzed cells transfected with Scc1 and Sgo1 siRNAs, respectively. Depletion of Scc1 causes cohesion defects that are detectable by FISH [15] , whereas Sgo1 is a protein that is believed to protect cohesion in the early stages of mitosis but not in interphase [16] [17] [18] [19] . Depletion of Sgo1 would thus not be expected to cause cohesion defects in G2.
To analyze sister chromatid cohesion in these cells, we measured the distance between paired FISH signals. We used a FISH probe that recognizes a locus that is trisomic in HeLa cells, and this probe therefore labels three pairs of sister chromatids in G2 cells ( Figure 3B ). In control-and Sgo1-depleted cells, the distance between paired FISH signals was near the resolution limit of the microscope, and only about half of the paired signals were resolved clearly enough to allow accurate distance measurements. We therefore included only these signals in our analysis. In control cells, the average interchromatid distance, as judged by our FISH measurement, was 0.34 mm. As predicted, Sgo1 depletion did not change the distance between FISH signals significantly, implying that Sgo1 function is indeed dispensable for cohesion in G2. In contrast, FISH signals Total cell extracts were prepared from logarithmically proliferating HeLa cells transfected with control or sororin siRNAs for 48 hr or transiently transfected with a vector expressing wild-type sororin for 24 hr (overexpr.). Sororin levels were analyzed by immunoblotting. a-Tubulin was immunoblotted as a loading control.
were on average 0.71 mm apart in sororin-depleted cells and 0.66 mm apart in Scc1-depleted cells ( Figure 3C ). Sororin depletion thus causes a cohesion defect in G2 cells that is as severe as the defect that is caused by depletion of cohesin itself.
Cohesin and Sororin Are Required for Efficient DNA Double-Strand Break Repair in G2 Cells In budding yeast, it has been shown that cohesin's ability to establish sister chromatid cohesion is required in G2 for efficient repair of DNA double-strand breaks (DSBs) [20] , and a number of observations are consistent with the possibility that cohesin has the same function in vertebrate cells (reviewed in [21] ). If sororin is needed for cohesion in G2, it would thus also be predicted to be required for DNA DSB repair during this period of the cell cycle.
To test this possibility, we depleted sororin from cells synchronized by double thymidine arrest followed by a 6 hr release, as shown in Figure 4A . FACS analysis showed that the vast majority of sororin-depleted cells had a G2 DNA content at this time, indicating that sororin-depleted cells had completed replication and progressed to G2 phase ( Figure 4D ). We then treated cells for 15 min with etoposide. This small molecule induces the formation of DNA DSBs by trapping a covalent complex that is formed between topoisomerase II and cleaved DNA. We used a dose of 5 mM etoposide, which causes numerous DNA DSBs in every cell, as judged by staining cells with antibodies to the DNA damage marker protein gH2AX (data not shown). 1 hr after removal of etoposide, we treated cells with caffeine, a compound that inactivates the DNA damage checkpoint and thus allows cells to enter mitosis in the presence of DNA DSBs. We added the spindle poison nocodazole at the same time to arrest cells in mitosis and analyzed the presence of DNA DSBs by staining spread chromosomes with Giemsa. As controls, we also analyzed cells depleted of Scc1 or Sgo1.
When etoposide-treated control cells were analyzed, chromosome breaks were seen in only 35% of all mitotic cells, implying that most cells (65%) had been able to repair their damaged DNA before they had entered mitosis after the caffeine treatment. A similar number of mitotic cells with broken chromosomes was seen in Sgo1-depleted cells (39%), suggesting that these cells had been able to repair their DNA to a similar extent as control cells. In contrast, the large majority of Scc1-depleted cells (90%) and of sororin-depleted cells (88%) contained chromosome breaks, and in most of these cells, the number of breaks was very high (Figures 4B  and 4C ). Similar results were obtained when g-irradiation was used instead of etoposide to induce DNA damage (data not shown). These observations indicate that both cohesin and sororin are required for efficient repair of DNA DSBs in G2 cells, consistent with the hypothesis that sororin is required for cohesion during this period of the cell cycle.
We also tested in the same experiments how efficiently the different proteins had been depleted by quantifying precocious separation of sister chromatids in mitotic cells that had not been treated with etoposide. This analysis revealed that Sgo1 depletion had caused a mitotic cohesion defect in many more cells (97%) than Scc1 (30%) or sororin (35%) depletion. The ability of cells transfected with Sgo1 siRNAs to repair their DNA as efficiently as control cells was thus not due to inefficient depletion of Sgo1. Instead, these data further support the notion that Sgo1 is dispensable for cohesion during G2 phase.
Sororin Is Required for Stable Binding of Cohesin to Chromatin in G2 Cells
In G2 cells, a subpopulation of chromatin-associated cohesin complexes binds to chromatin very stably, with an average residence time of several hours [4] . The persistence of these cohesin complexes on DNA would be long enough to mediate cohesion from S phase until mitosis. Moreover, generation of this cohesin population is inhibited by compounds that block DNA replication and thus prevent the establishment of cohesion. It has therefore been proposed that the stably chromatin-bound cohesin population represents cohesin complexes that have established cohesion [4] . This hypothesis, combined with our observation that sororin is required for cohesion in G2, raised the question of whether sororin is required for the stable binding of cohesin to chromatin.
To test this possibility, we analyzed the dynamics of the cohesin-chromatin interaction in fluorescence recovery after photobleaching (FRAP) experiments [4] . We depleted sororin from cells that stably expressed Smc1-EGFP [12] and that had been synchronized as in Figure 3A . Cells were released for 5 hr from the second thymidine arrest to allow entry into G2, part of the nucleus was photobleached in selected cells, and the loss of the GFP signal from the unbleached nuclear region and the recovery of the signal in the bleached nuclear region were measured for 150 min ( Figure 5A ). We analyzed the redistribution kinetics of chromatinbound cohesin by plotting the difference between loss and recovery over time and by fitting the resulting data sets with exponential functions ( Figure 5B ). As previously shown [4, 12] , this analysis indicated that two distinct populations of chromatin-associated cohesin existed in G2 cells, one that had a relatively short residence time on chromatin of 8 6 1 min (51% of bound cohesin), and another one that bound to chromatin with a residence time of about 5 hr (49% of bound cohesin) ( Figure 5C and data not shown).
When we analyzed the redistribution kinetics of Smc1-EGFP in sororin-depleted G2 cells, we could still detect two populations of chromatin-associated cohesin, but their ratio was significantly different. In these cells, only 26% of chromatin-associated cohesin was stably bound (as opposed to 49% in control cells), and 74% of cohesin was bound to chromatin dynamically (Figure 5C ). This effect was not due to defects in DNA replication, because all cells that we analyzed by FRAP had a G2 DNA content, as measured by quantifying the intensity of nuclear Hoechst staining ( Figure 5D ). The notion that sororin-depleted cells were able to replicate (A) Schematic representation of the experimental protocol. HeLa cells were synchronized by double thymidine arrest. After release from the first thymidine arrest, cells were transfected with siRNAs. 5 hr after release from the second thymidine arrest, cells were subjected to FISH. In a parallel experiment, cells were released for 9 hr from the second thymidine arrest and chromosome spreads were prepared. (B) FISH of control-, sororin-, Scc1-, and Sgo1-depleted G2 cells. HeLa cells were synchronized as shown in (A). 5 hr after release from the second thymidine arrest, cells were subjected to FISH with a probe specific for the trisomic tff1 locus on chromosome 21. Hoechst-stained nuclei (blue) with three pairs of FISH signals (red) are shown. Higher magnification images of single pairs of FISH signals are shown in the insets. Scale bar represents 5 mm. Note that in control-and Sgo1-depleted cells, some paired signals were too close together to be clearly resolved. (C) Quantification of the distance between paired FISH signals obtained in the experiment shown in (B) (mean 6 SD; n R 30 per condition). The asterisks denote a significant difference according to Student's t test (p < 0.01). Note that only clearly resolved signal pairs were included in the analysis. (D) Quantification of mitotic cohesion phenotypes observed with the experimental protocol shown in (A). 6 hr after release from the second thymidine arrest, nocodazole was added for 3 hr. Mitotic cells were then collected and Giemsa-stained chromosome spreads were prepared (n R 100 per condition).
DNA was also supported by DNA content FACS analyses ( Figure 4D and data not shown) and by our FISH data ( Figure 3 ). We therefore conclude that sororin is required for the generation of normal amounts of stably chromatin-bound cohesin. It is possible that the small amount of stably chromatin-bound cohesin that we detected in sororin-depleted cells had been generated by residual amounts of sororin, but we also can not exclude the possibility that stable cohesin-chromatin interactions can be formed with reduced efficiency in the absence of sororin.
Conclusions
Our work implies that sororin interacts with cohesin on chromatin and functions there during interphase to support sister chromatid cohesion. The temporal resolution of our experimental assays is presently not sufficient to distinguish between functions of sororin in establishment and maintenance of cohesion, but our finding that FISH-labeled sister chromatids are further separated than normally in most G2 cells that we analyzed is consistent with the possibility that sororin is already required for establishment of cohesion during S phase. So far only one other protein is known to be specifically required for cohesion establishment: the budding yeast acetyltransferase Eco1/Ctf7 [22] [23] [24] . Homologs of this enzyme are also required for cohesion in Drosophila and human cells [25, 26] , although it is not yet known whether these proteins also function in S phase. It will therefore be interesting to address whether sororin and Eco1/Ctf7 homologs collaborate to establish cohesion.
In mechanistic terms, the function of sororin remains unknown, but it is interesting that sororin-depleted cells are unable to generate normal amounts of stably chromatin-bound cohesin complexes. It is possible that sororin is directly required to establish this binding mode of cohesin. An interesting implication of this possibility is that the degradation of sororin during mitotic exit and G1 [7] might help to prevent the precocious formation of such stable interactions before DNA replication. Alternatively, sororin could function by stabilizing cohesin-chromatin interactions once they have been established. In either case, our finding that sororin is required for cohesion in G2 and for the stable binding of cohesin to chromatin provides additional strong support for the hypothesis [4] that the stably bound population of cohesin represents complexes that have established cohesion. In the future, it will be interesting to study in mechanistic terms how sororin functions in establishment and/or maintenance of cohesion during S and G2 phase.
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